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Range, was the chairman for the Phase One effort which addressed inert debris. RALCT'S initial purpose was to evaluate the safety issues of intentional or accidental generation of inert debris by flight tests at national test ranges. This debris can vary from hardware shed during normal missile operation to fragments generated by explosion, hypervelocity collision, aerothermal breakup, or a flight termination system. The second purpose of the RALCT was to review the safety criteria for inert debris currently being used by each range and to recommend debris safety standards that could be adopted by all of the national ranges.
This report is a collection of the studies that were performed for the RALCT by Sandia National Laboratories. Some of the topics presented here were not included in the proposed Standard or the Supplement published by the team. Section 6, Bibliography, contains many more entries, particularly for debris hazards to personnel, than are referred to in this report. They are grouped according to topic and alphabetically by author. It is hoped that providing the reader with a more complete overview of these subjects will encourage future studies to better quantify the range safety criteria used. Note that mixed units are intentionally used in this report to be compatible with those more frequently used by practicing safety personnel.
Debris Hazardous To People

Development Of Probability Of Fatality Curves
Debris generated by exe-and endo-atmospheric tests can be hazardous to people that are in the areas where the debris reaches the earth's surface. The amount of land and sea area that must be controlled to minimize danger to people from falling debris depends upon the levels of debris mass, momentum, and energy required to cause injury or death.
Feinstein, Heugel, Kardatzke, and Weinstockl 3 reported in a 1968 Illinois Institute of Technology (IIT) Research Institute publication on the effects of blast, debris, and thermal and nuclear radiation on sheltered and unsheltered personnel. The physiological data upon which they based their analyses were obtained from experiments that had been performed for the Department of Defense on live animals, human cadavers, and skin and gelatin models. They found that the severity of cutting and penetrating injuries correlated best with the impacting fragment's energy times velocity squared, mv4, crushing and tearing with energy, mv2, and impulse loading with momentum, mv. Table 2 .1 summarizes these different types of injuries with judgments by Feinstein et al as to their possible severity and mortality rate, i.e., the probability that an injury will result in death. Bone abrasionsand cracking mv2
Internallacerationsfrom fracturedribs mv2
Nearlethal Bilateralhemorrhage mv4 Toy.
Skull fracture mv2
Passage through abdomen or other lethal areas mv4
Lethal Passagethroughthorax (Fatalwithin lhr) mv4 100%
Feinstein divided the body into three parts: the head, the thorax, and the abdomen and limbs. Then using the injury data, curves for each body part were defined for the threshold of serious injury and kill probabilities of 0.1, 0.5 and 0.9. created in most debris generation processes. The altitude of 10,000 ft was used to be conservative. Most human habitation occupies lower altitudes where the terminal velocities are less.
Smaller mass fragments which lie to the left of the intersection of a terminal velocity curve with a Feinstein curve represent a lower kill probability since they cannot attain the higher velocity required. This method of terminal velocity screening does not apply when the fragments have not traveled a sufficient distance through the atmosphere to decelerate to a terminal condition before impact.
The center portion of each Feinstein kill probability curve is that part between its intersection with a terminal velocity curve on the left and the abrupt shift to zero slope on the right. For the head and for the abdomen & limbs, this portion has a slope which represents nearly constant kinetic 2 For the thorax, the center portion has a slightly greater slope and is closer to nzvl.5. energy, mv .
Translation casualty data was used by Feinstein to define the kill probability curves for the fragments with mass greater than 2-8 lb where the curves have zero slope, i.e., constant velocity. These data were based partially upon fatality data from urban automobile accidents where people were thrown forward by the deceleration. In the region of zero slope the fragment kinetic energy increases linearly with mass. Thus, the kinetic energies represented by the center portion of each kill probability curve are the lowest that can produce that kill probability. Using these kinetic energies for the larger fragments, therefore, give conservative results. If lethality data or analyses become available for the larger debris, they should be used in lieu of the analysis that follows.
S-curves for the probability of fatality were constructed as a function of the fragment kinetic energy. To do so required that an effective kinetic energy be determined for each Feinstein probability of fatality curve for each body part. Figure 2 .4 shows a typical Feinstein probability of fatality curve whose central portion is represented by mv~= k. An effective average kinetic energy was calculated first as an unweighed average between points 1 and 2. Point 1 is the intersection of the terminal velocity curve and the Feinstein curve and point 2, the place where the slope of the Feinstein curve changes to zero. The equation for this unweighed average is: From hypervelocity collisions, 48"9 it has been observed that the number of fragments increases rapidly as the mass of the fragments becomes smaller. Hence, it was decided that an average weighted toward the more numerous, lower mass, fragments should be used. This was accomplished with a log-weighted average. The log-weighted average reduces to:
For the head and abdomen & limbs, the weighted and unweighed averages of kinetic energy are nearly identical. However, for the thorax, the weighted average gives a slightly larger value than the unweighed average.
Feinstein et al employed log-normal distributions to relate the severity of each type of injury to the impact dose. In this analysis, the log-normal relationship was adopted to describe the probability of fatality versus the effective kinetic energy for impacts to the head, thorax, and abdomen & limbs. Figure 2 .5 shows log-normal S-curves for each body part and includes a table which lists the kinetic energy at 10, 50 and 90% probability of fatality as well as the log-normal parameters.
The form of the natural log-normal equation used to calculate these curves is:
where: K = fragment impact kinetic energy, ft-lbf, ai = scale parameter, the median for log-normal, ft-lbf, pi= shape parameter for log-normal.
This equation can be evaluated for different values of kinetic energy through numerical integration. A simpler technique is to correlate an impact kinetic energy to a probability of fatality. This process starts with the equation:
Assuming a cumulative normal distribution, Z is the number of standard deviations that ln(KE) is removed from ln(~i). Once a Z is calculated for a given kinetic energy, the probability of fatality can be determined by using a normal distribution table. These tables are found in most statistics textbooks and mathematical and engineering handbooks.
For example, if~i =55 ft-lbf and~i = 0.2802, a kinetic energy of 78.8 ft-lbf will result in a value of Z = 1.28. In a normal distribution table, this Z value corresponds to a probability of 90%. A kinetic energy of 38.4 ft-lbf will result in a value of Z = -1.28, which corresponds to a probability of 10%. A kinetic energy of 55 ft-lbf produces Z = 0.0, which corresponds to a probability of 50%.
In everyday circumstances, the body part impacted by an inert debris fragment will not be known a priori. Hence, the probabilities derived for the three body parts must be combined to handle Fragment Impact Kinetic Energy, ft-lbf more general situations. Given that a person is hit, the conditional probability of hitting a particular body part is equal to the ratio of the area that part presents to the total area presented by the person. The more general probabilities of fatality curves were obtained by combining the probability of fatality curves for the three body parts through the use of standard-man dimensions.
In doing this an implicit assumption was made that each fragment was sufficiently small that it struck only one body part. Further, it was assumed that a body part was equally vulnerable when impacted from any direction. No benefit was taken for the distribution of bony and muscular mass. Figure 2 .6 shows the standard man which was obttined from Janser. 21 The body proportions of the sketch do not exactly correspond to the dimensions included with the sketch. A detailed body description with corrected proportional areas was made by Bradley Hill,20 of TYBRIN Corporation. The weighting given to each body part was defined as the ratio of the area that body part presents to the area the total body presents for impact. This weighting changes as a function of the person's position and the angle the debris velocity vector makes to the person. Body positions selected were standing, sitting, and prone. Table 2 .2 lists the area ratios for the three body parts when the debris is falling nearly vertically.
A composite curve was generated for each of the three body positions based on the equation:
where Pi = Pj = KE = A; = Probability of fatality for body part (i), derived from log-normal curve, Probability of fatality for body position ('j), Kinetic energy of impacting debris in ft-lbf, Weighting of body part (i) for body position (j), see columns 3-5 of Log-normal curves were fit to these composite curves by the method of maximum likelihood. The resulting log-normal curves are shown in Figure 2 .7 along with a table listing the kinetic energy at 10, 50 and 90% probability of fatality and the log-normal parameters. The curves for the prone and sitting positions are nearly identical because the weighting of the body parts are very similar. The probability of fatality for the three body positions was averaged assuming that equal numbers of the exposed population were standing, sitting, and prone. This average was weighted by the total body area presented by each position. The resulting curve is shown in Figure 2 .8 as well as in Appendix A of the Standard 321-97.
The equation for achieving the average is:
where: P j = probability of fatality due to fragment impact when in body position j, bj = total area presented by the body in position j, see column 2 of Table 2 .2.
To calculate expected fatalities (EF) from impact by a given debris' kinetic energy, it is necessary to multiply the probability of being struck by the probability of fatality. The probability of being struck relates directly to the body's presented area. The prone position has a presented area that is more than five times the presented area for a standing person and nearly twice that for a seated person.
The angle that the falling debris makes with the vertical also affects the body's presented area. It is estimated that the majority of the impacts will be with debris falling almost vertically. However, it is possible through a combination of high winds, low ballistic parameter, and larger debris mass to have hazardous debris impacts at acute angles from the vertical that approach 90 degrees. If the larger presented area of the prone position is used, then regardless of the debris impact angle, a very conservative, EF will result. Even when the impact area is a beach, this approach is conservative because many of the occupants will not be prone. In most cases where a majority of the people are prone. they will be within structures which provide considerably more protection from fragment impacts.
Other Studies Of Debris Impacts On People
There have been many studies into the effects of projectiles impacting the human body since the paper by Feinstein et al. A majority of this work has been sponsored by the U.S. Army Research Laboratory, USARL, at the Aberdeen Proving Ground, MD. The emphasis of most of these studies has been to understand the physiological effects of high velocity projectiles and weapon fragments and to quantify the physical capabilities lost by the person hit. Probability of fatality has not been a primary interest. An example of more recent studies is the information of Neades and Rudolph28 on the probability of skin penetration and liver fracture which was presented at a DoD Explosive Safety Board (ESB) meeting in 1984. Figure 2 .9 is a plot for skin penetration for function of fragment kinetic energy. Also liver fracture depends upon the body mass, a larger body mass being less susceptible. This information is certainly applicable, but these types of data need to be assimilated by qualified analysts into a more usable form for the safety community. Janser21 also presented a paper in 1982 to the ESB on the lethality of fragments to unsheltered people. In it, he recommended log-normal curves for the probability of fatality from fragment impacts on four body parts: head, thorax, abdomen, and limbs. He based his study on Feinstein's work as well as more recent studies, but did not explain how his curves were generated. Table 2 .5 contains the log-normal parameters for the curves he recommended. Compare the values of u and in this table with those in figures 2.5 and it can be readily seen that Janser's fragment energy levels for a given probability of fatality are much greater than those recommended in the present study.
USARL has been developing a computer code called, "ORCA', for Operational~equirements-Based casualty~ssessment which is scheduled for beta release in 1997. It will be able to assess physical insults such as, blast oveq?ressure, penetration, blunt trauma, abrupt acceleration, burns, toxic gases/agents, and electromagnetic energy. ORCA considers the orientation and position of a person relative to an incoming projectile as well as its mass, momentum and energy. It calculates the projectile's trajectory within the body and outputs the person's loss of mental and physical capabilities with time, assuming no medical attention for up to three days after the injury. This code or some derivative of it promises a means for improving the method presented here for evaluating the probability of fatality from fragment impact. Until more recent data on the effects of fragment impacts on people have been analyzed and assembled into a form readily used by safety personnel, it is recommended that the probability of fatality curves, Figures 2.7 and 2.8, be used to make the expected fatality calculations. The average Iog-normal curve can be used to make quick estimates of potential safety problems. When more detailed safety analyses are needed, statistics on the distribution of body positions can be used or credible assumptions made about the numbers of people standing, sitting, and prone. Then the more specific curves of Figure 2 .7 can be used.
Debris Hazardous to Aircraft
A piece of debris is considered to be potentially lethal to an aircraft if it is capable of producing sufficient damage to cause loss of life or necessitate emergency response by the crew to avoid a catastrophic consequence. The two principal ways that debris can be hazardous to aircraft are: (a) fragment penetration of a critical aircraft structure or the windshield and (b) fragment ingestion by an engine.
Fragment Penetration
Business jets are more at risk from fragment penetration than other classes of aircraft, because they fly relatively fast and are constructed of relatively thin materials. For a jet aircraft cruising at 450 kts and 50,000 ft, the relative velocity between the aircraft and a 10 mm-diameter, solid steel spherical fragment in terminal velocity is about 830 fps.
Initially, a study was made using the THOR equations3g3 39 to determine the size fragments that could penetrate wing leading edges and windshields. These empirical equations were developed by the Ballistics Analysis Laboratory of Johns Hopkins University for the U.S. Army Ballistic Research Laboratory. However, goodness of fit information published in reference 38, indicated that the THOR empirical equations had standard deviations in residual velocities greater than 350 fps for steel and aluminum projectiles impacting aluminum targets. These translate into predictive uncertainties for the THOR equations as great as A 50-100% when the impact speed range of interest is less than 1000 fps.
The recently completed penetration code, FATEPEN2,40141 was subsequently obtained from the Naval Surface Warfare Center (NSWC), Dahlgren, VA. It is being used at NSWC to evaluate the vulnerability of aircraft to impacts by high speed fragments from various types of warheads. Inquiries were made concerning this code's predictive accuracy. The code developers provided several plots which showed that the empirical equations fit experimental penetration data for Lexan, Kevlar, and fiberglas reasonably well down to impact speeds below 1000 fps. No overall accuracies were stated for the code. Note that the experimental data used to develop the THOR equations were a subset of the data used to develop the FATEPEN2 equations. Short solid cylinders impacting end-on are more effective penetrators than solid spheres of the same diameter because of their greater mass to presented area. Table 3 .2 presents only FATEPEN2 predictions for solid, short, cylindrical fragments, L/D-1 of aluminum, steel and tungsten, penetrating a 0.06 inch thick leading edge or a 0.5 inch thick windshield. Aircraft windshields were generally predicted to be more resistant to penetration than wing leading edges. The 0.09 gm steel fragment predicted to penetrate a 0.06 inch (O.15 cm) aluminum leading edge is impractically small for range safety to have to consider. So light aircraft construction was examined in more detail. Figure 3 .1 shows a typical light aircraft front wing section. A penetrating fragment would encounter, at a minimum, the leading edge, a baffle, and the front wing spar, all constructed of aluminum with thickness of about 0.05, 0.025 and 0.071 inches, respectively. The space in the forward portion of the wing could also contain tubing for a warm air deicing system, but critical components, such as hydraulic lines, electrical cables, or control mechanisms, are usually not located there. It is undesirable for a fragment to penetrate the leading edge and the baffle, but significant damage could result from a fragment actually penetrating the front wing spar which normally forms one wall of a fuel tank. Table 3 .3 shows the smallest fragments that FATEPEN2 predicts could penetrate the leading edge, baffle and front wing spar of a light aircraft wing to puncture the fuel tank. These fragments are assumed to be a short solid cylinders, L/D-1. If the debris does not contain very dense fragments like tungsten, the smallest fragment mass for concern is 1.9 gm. The predicted aluminum fragment mass is much larger than for the steel or tungsten. Since aluminum has lower mechanical strength it tends to mushroom in shape much more during impact. This greatly increases the fragment area presented for impact and the mass required for penetration. 
Fragment Ingestion By An Aircraft Engine
Aircraft and helicopters flying in a region through which debris is falling could possibly ingest fragments into their engines. Piston engines were considered, but were not pursued because their physical construction with intake filters and manifolding make it difficult for fragments to get inside to affect moving parts. Debris clogging the air filters can become a serious problem when flying through an extensive cloud of volcanic dust, but should not be a problem with debris from a missile test.
Aircraft gas turbine engines can be divided into three categories: turbojet, turboshaft and turbofan 43 Only a part of the air processed through a turbofan engine actually goes through the engine core which contains the compressors, burners and turbines. The rest passes only through the fan. The ratio of the air mass passed through the fan to that passed through the core is defined as the "bypass ratio". Turbojet and turboshaft engines have zero bypass ratios. Turbofan engines can have bypass ratios up to and exceeding eight.
Any fragment ingested into an engine with zero bypass will have to pass through the engine core, if it does not become lodged somewhere within the engine. In turbofan engines, an ingested fragment is likely to be centrifuged outward to pass only through the fan and not enter the engine core. The greater the bypass ratio, the smaller, the chance that a fragment will enter the engine core.
Engine damage can result from solid fragment ingestion, almost independently of the fragment's relative speed. Damage is primarily a function of the fragment's physical size and mechanical strength relative to those of the engine's compressor blade materials. Material density which exerts so much influence in penetration is of secondary importance for ingestion. It is reasonable to expect an engine to tolerate larger aluminum than steel fragments and about the same size tungsten fragments since their tensile strengths are, respectively, less than and about the same as steel
One of the worst objects that an engine can ingest is a piece of cloth, e.g. a shop rag. When ingested, a rag can become entangled between rotor and stator blades causing them to bend and interfere. The rag when caught on the face of a rotor or stator can also disrupt the air flow through the engine causing a stall or flameout. Thin plastic sheets and quilted pads sometimes used on missile and space vehicles for thermal protection could become part of the falling debris and act somewhat like a rag if ingested.
Thus, a low, slow flying airplane or helicopter can be at risk as well as a high, fast flying one. A more important parameter for ingestion hazards is the size of the engine. Smaller engines tend to be more vulnerable to fragment ingestion than larger ones. Also, engines with axial flow compressors tend to be more vulnerable than those with centrifugal compressors.
The Federal Aviation Administration requires manufacturers of gas turbine engines to demonstrate through testing that their engines can withstand ingestion of prescribed masses of birds, ice, and sand. There is no requirement for ingestion tests of other foreign objects and, consequently, the information is sparse and mostly anecdotal.
The U.S. Army Research Laboratory (ARL), has overviewed foreign object ingestion by military 44'45 They consider some of the smaller turboshaft engines with aircraft for a number of years. axial flow compressors to be the most vulnerable to foreign object ingestion. Such engines power some small aircraft and small helicopters. Personnel at ARL estimate that engine damage could occur if one of these small engines ingested a 1-gram compact fragment of steel or tungsten. A somewhat larger compact fragment mass of aluminum would be required to cause the same damage because it is mechanically weaker and less dense. At this time there is no experimental data to confirm this. Table 3 .4 provides a list of the smallest fragments masses that can be potentially lethal to the more vulnerable aircraft and helicopters. If there are no high density fragments, e.g., tungsten, it is recommended that one gram be used as the smallest fragment mass that can be potentially lethal to an aircraft from structural penetration or engine ingestion. 
Debris Encounter Model
A study was made to assess the magnitude of the probability that an aircraft would encounter a piece of debris. An exoatmospheric intercept between an incoming target missile and an interceptor was modeled with the debris generation model, FASTT49 which was developed by Kaman Sciences through the sponsorship of the Defense Nuclear Agency. NASA, the U.S. Air Force and the U.S. Army have also developed computer models for predicting debris generation for various events, e.g., hypervelocity impact, and explosive disassembly. Only fragments that were 10 mm or greater in size were considered in this example, to limit the number of fragment trajectories that had to be calculated. Still, FASTT predicted the generation of more than 20,000 fragments. Figure 3. 2 presents a spatial model for falling debris from an exoatmospheric event assuming no atmospheric wind. In this example, the debris was monitored over time in six annular regions. At one second intervals a count was made of the number of fragments that occupied each annular region between the altitudes of 40 and 50 kft. It was assumed that the fragments were uniformly distributed within each region. Figure 3 .3 shows the number density for the different regions versus time from the debris generating event. Aircraft were assumed to be flying straight and level at cruise speed and a constant altitude of 45 kilofeet and to pass through the debris cloud when the fragment number densities were near their maximum. 
Engine Capture Area
When a propeller or jet propelled aircraft is flying subsonically, its engines draw air from an upstream region whose cross sectional area is greater than the actual area of the engine inlet. The effective capture area for an inlet of the engine powering the propeller can be approximated by multiplying the inlet area by this ratio determined-for the propefier. Table 3 .6 lists a range of capture area ratios for various types of aircraft.
To determine the probability of debris being ingested by an engine of a Lear 35A or Boeing 747 aircraft when flying through the example debris cloud on trajectory A or B, the ratio, A c/A frOnf, for the aircraft type is multiplied by the probability of debris impact listed in Table 3 .5. So, the probabilities of ingestion of at least one piece of debris by the Lear 35A and Boeing 747 on trajectory A are 2.8x 10-5 and 7.2x 10,-4 respectively. On trajectory B, they are 2.0x 10-8 and 4.8
x 10,-7respectively.
In summary, steel fragments as small as 2 gm and tungsten as small as 0.5 gm could be a penetration hazard to aircraft. Steel or tungsten fragments as small as 1 gm could be an ingestion hazard for the smallest gas turbine engines. Aluminum being mechanically weaker and less dense is not a hazard in these small masses. The low probability of impact and ingestion results calculated for a worst case trajectory through a debris cloud suggest that these risks may be satisfactorily managed through small modification to the timing and routing of commercial and privates flights. -
Debris Hazardous to Ships or Boats
Falling inert debris can be hazardous to the occupants of a ship or boat in two ways. A fragment can directly impact a person exposed on the deck or it can penetrate the structure and cause problems below deck that could lead to the ship or boat being seriously damaged or destroyed. The concerns for an exposed person onboard are the same as for an exposed person on land and .
have already been addressed. Fragment impacts on a ship or boat are addressed here.
FATEPEN2 Penetration Predictions
A potentially lethal fragment for a ship or boat was defined as one which can penetrate a deck or weather covering. The FATEPEN2 code40>41 was used to quantify the sizes of aluminum, steel, and tungsten fragments which could just penetrate decks made of 0.25 inch thick aluminum, steel, or Doron, or 0.50 inch thick oak. Doron is a laminated panel made from bonded woven-roving fiberglass. The material thicknesses used in the calculations are those more typically found on smaller ships and pleasure craft, e.g. sailboats. Note that sailboat decks are frequently constructed of 0.50 inch thick balsa wood laminated between 0.12 inch thick fiberglass. If no penetration strength is assumed for the balsa wood this deck can be represented in FATEPEN2 calculations as 0.25 inch thick fiberglass. Each fragment was assumed to be a compact solid cylinder with L/D-1 falling in a tumbling mode at its terminal velocity for sea level conditions.
The FATEPEN2 calculations indicate that penetration of 0.25 inch fiberglass requires the least fragment mass for aluminum and steel fragments, that is 14 and 5 kg, respectively. While the smallest mass of tungsten, 0.4 kg, is defined by the penetration of 0.25 inch aluminum. Table 4 .1 presents these results which are assumed to have an uncertainty of~50%.
If mission essential ships all have steel decks and high density materials like tungsten are not present in significant quantities in the debris, then range safety can make probability of impact calculations considering only fragments with mass greater then 6 kg. If high density materials are present, fragments with mass down to 3 kg must be considered.
For non-mission essential watercraft with no high density materials present in the debris, fragments with mass down to 5 kg must be considered. If high density materials are present, it will be necessary to included fragments with mass down to 0.4 kg.
Stanford Equation
The fragment velocities required for deck penetration are mostly below those of the penetration data that was used to develop the empirical penetration equations used in FATEPEN2. Thus, a second independent predictive method was sought. The Stanford equation42 was reported to give reasonable predictions of penetration of steel and concrete by steel missiles in the velocity range of interest. These penetration predictions need to be revisited when applicable experimental data and/or better predictive equations become available.
. 
Summary and Recommendations
. L~g-normal curves which relate the impact kinetic energy of a fragment to the probability of fatality have been developed for people in standing, sitting, and prone positions. An average curve was also calculated assuming equal numbers of people in the three positions. It showed that a fragment kinetic energy of 76 ft-lbf would have a 50% probability of killing the person struck. The physiological basis for these curves was obtained from studies reported in 1968 by Feinstein et al. Results from other investigators were also presented.
q It is recommended that the log-normal curves presented in this report be used by range safety anal ysts until better predictive tools become available. The average log-normal curve can be used to make quick estimates of potential safety problems. When more detailed safety analyses are done, statistics on the distribution of body positions can be used or credible assumptions can be made about the numbers of people standing, sitting, and prone in the debris fall area. Then the curves specific to those body positions can be used.
q Steel fragments as small as 2 gm and tungsten as small as 0.5 gm could represent a penetration hazard to aircraft. Steel or tungsten fragments as small as 1 gm could be an ingestion hazard for the smaller gas turbine engines. Aluminum, being mechanically weaker and less dense, is not a hazard in these small masses. The low probability of impact and ingestion results calculated for a worst case trajectory through a debris cloud suggest that aircraft risks may be satisfactorily controlled with only small changes in timing and routing of commercial and privates flights.
q If mission essential ships have steel decks and high density materials, like tungsten, are not present in significant quantities in the debris, then range safety can make probability of impact calculations considering only fragments with mass greater then 6 kg. If high density materials are present, fragments with mass down to 3 kg must be considered.
q For non-mission essential watercraft with aluminum or fiberglass decks, fragments with mass down to 5 kg must be considered when no high density materials are in the debris. If high density materials are present, it will be necessary to included fragments with mass down to 0.4 kg.
q
The considerable physiological data base that currently exists concerning impacts on people needs to be assimilated by qualified analysts into a form readily used by the safety community.
D Fragment penetration prediction methods need to be further developed and validated for the lower impact velocity regime, <300 m/s. q A data base on the effects of debris ingestion by gas turbine engines needs to be greatly expanded.
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